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Abstract: The integration of metallic and dielectric build-
ing blocks into optoplasmonic structures creates new elec-
tromagnetic systems in which plasmonic and photonic
modes can interact in the near-, intermediate- and far-
field. The morphology-dependent electromagnetic cou-
pling between the different building blocks in these hy-
brid structures provides a multitude of opportunities for
controlling electromagnetic fields in both spatial and fre-
quency domain as well as for engineering the phase land-
scape and the local density of optical states. Control over
any of these properties requires, however, rational fab-
rication approaches for well-defined metal-dielectric hy-
brid structures. Template-guided self-assembly is a ver-
satile fabrication method capable of integrating metal-
lic and dielectric components into discrete optoplasmonic
structures, arrays, or metasurfaces. The structural flex-
ibility provided by the approach is illustrated by two
representative implementations of optoplasmonic materi-
als discussed in this review. In optoplasmonic atoms or
molecules optical microcavities (OMs) serve as whisper-
ing gallery mode resonators that provide a discrete pho-
tonic mode spectrum to interact with plasmonic nanos-
tructures contained in the evanescent fields of the OMs.
In extended hetero-nanoparticle arrays in-plane scattered
light induces geometry-dependent photonic resonances
that mix with the localized surface plasmon resonances of
themetal nanoparticles. We characterize the fundamental
electromagnetic working principles underlying both opto-
plasmonic approaches and review the fabrication strate-
gies implemented to realize them.
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1 Introduction
The advancements of nanofabrication methods in the last
10 to 20years have facilitatedplasmonicnanoantennas [1–
3] for a broad range of applications in the visible range
of the electromagnetic spectrum. Due to the superb light-
focusing properties of metal nanoparticle clusters, plas-
monic gap antennas allow the creation of electromag-
netic hot-spots in which the incident E-field is enhanced
by many orders of magnitude [4–8]. The hot-spots are of
high interest for enhancing excitation rates or for boost-
ing nonlinear optical effects [9–12]. At the same time,
the density of states associated with the plasmon res-
onances in the nanostructures can result in a boost of
the radiative rates of near-by quantum emitters [9, 13],
and the combination of quantum emitter and plasmonic
antenna is, thus, commonly referred to as a superemit-
ter [14]. Due to Ohmic losses at optical frequencies in met-
als, plasmon resonances have short (femtoseconds to tens
of femtosecond) lifetimes and relatively broad spectral fea-
tures [15]. Since high dissipative losses and broad spec-
tral features limit the performance of conventional metal-
based plasmonic nanostructures in key applications, dif-
ferent strategies are currently pursued tomitigate these ef-
fects [16–19]. One promising approach seeks to integrate
plasmonic nanostructures into a defined photonic envi-
ronment where photonic and plasmonic modes can syn-
ergistically interact [20–25]. The coupling of localized sur-
face plasmon resonances (LSPRs) with in-plane diffracted
Rayleigh resonances to form surface lattice resonances
(SLRs) in extended nanoparticle arrays is one example
for this approach [26–29]. In an array of metal nanopar-
ticles, the individual nanoparticles experience the inci-
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Figure 1: E-field intensity distributions in the discrete opto-
plasmonic dimer at the wavelength of the hybrid TE14,1 (A,
λ = 580.9 nm) and TM13,1 (B, λ = 590 nm) mode. The dimer is
composed of two 2 µm polystyrene microspheres (refractive index
= 1.59), each encircled by four 148 nm diameter Au nanoparticles
separated from the microsphere surface by 1 nm gaps. The insets
show the direction and polarization of the incident plane wave. (C)
Near-field intensity distribution at the TM13,1 mode wavelength
averaged over the in-plane angle of incidence. Reprinted with per-
mission from Ahn et al. ACS Nano 6, 951 (2012). Copyright 2012
American Chemical Society.
dent E-field plus the E-field re-radiated by all of the other
nanoparticles in the array. The effective polarizability, αe
of the individual nanoparticles is then given as [18]:
αe =
1
1
α − S
where α refers to the single particle polarizability, and the
retarded dipole sum, S, captures the effect of the array. It
has been shown that a positive singularity in S gives rise
to sharp spectral features [18, 29–32].
An alternative strategy for overcoming the limitations
of conventional plasmonic nanocircuitry in a more com-
pact footprint is based on the combination of plasmonic
nanoantennas with dielectric microcavity resonators into
structurally defined, discrete hybrid optoplasmonic struc-
tures [21, 22, 33–36]. Although whispering gallery mode
(WGM) resonators have larger mode volumes and, there-
fore tend to show lower E-field enhancements than metal-
lic nanoantennas, their eigenmodes have low losses and,
therefore, create higher Qfactors than metallic nanostruc-
tures [37]. The design strategy of the discrete optoplas-
monic structures is, therefore, to position plasmonic an-
tennas at defined locations in the evanescent field of the
dielectric resonators. The discrete optoplasmonic struc-
tures satisfying this fabrication requirement induce the
formation of photonic-plasmonic hybrid-modes in which
part of the mode volume is localized around metallic
nanoparticles in electromagnetic hot-spots [38]. A repre-
sentative example for this approach is given in Figure 1.
The hybrid structure contains electromagnetic hot-spots
located outside of the dielectric microsphere around the
metal nanoparticles where the E-field is available for in-
teractions with the ambient medium.
We note here in passing that discrete optoplasmonic
structures do not only provide unique opportunities for
enhancing E-fields but also for engineering LDOS in the
vicinity of fluorescent emitters. In the case of the so-called
superemitters, which represent nanostructures that com-
bine quantum emitters and plasmonic antennas, the effect
of the enhanced LDOS on the emission efficiency has been
shown to differ depending on the superemitter’s emission
efficiency in the absence of themicrosphere resonator [39].
For emitters with emission wavelengths in resonance with
the antenna plasmon, two cases can be distinguished. For
emitters with low emission rates, the radiative rate can
be improved by enhanced LDOS. Intriguingly, for bright
emitters that operate close to the unitary limit the emis-
sion rate has been predicted to drop with increasing LDOS
when radiation damping reduces the polarizability of the
antenna [39, 40].
A second class of optoplasmonic materials, the ex-
tended optoplasmonic nanoparticle array, is inspired by
the formation of SLRs in conventional metal nanoparti-
cle arrays. In optoplasmonic arrays metal nanoparticles
are replaced as a sole building block through a combina-
tion of high refractive index dielectric nanoparticles and
clusters of strongly coupled metal nanoparticles [24]. No-
ble metal nanoparticle clusters are chosen as plasmonic
component as they provide much higher E-field intensi-
ties than individual nanoparticles. Furthermore, plasmon
coupling shifts the plasmon resonance wavelength into
the red [41, 42], where the slope of the real part of the
gold (Au) dielectric function as a function of wavelength is
steeper [43, 44]. This behavior is beneficial, for example,
for the design of sensitive colorimetric sensors [45].
Conventional plasmonic nanoparticle cluster arrays
(NCAs) [42, 46, 47] have been investigated in detail and
have been shown to provide new opportunities for engi-
neering a multiscale E-field enhancement through elec-
tromagnetic coupling in the near-, intermediate-, and far-
field region [46]. The availability of two building blocks in
optoplasmonic arrays provides new opportunities for con-
trolling the light field distribution in the plane of the ar-
ray and for efficiently “squeezing” light into electromag-
netic hot-spots. In optoplasmonic arrays low-loss dielec-
tric nanoparticles can be used to form grating-like struc-
tures that generate in-plane diffracted resonances [24]. In
arrays with appropriate morphology the photonic reso-
nances can create enhanced E-field intensity at the inter-
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Figure 2: (A) – (C): Schematic outline of the individual steps (left)
of the template guided self-assembly for optoplasmonic atoms and
molecules, and SEM images (right) of the corresponding hybrid
structures. Scale bars are 1 µm. Reprinted with permission from Ahn
et al. ACS Nano 7, 4470 (2013). Copyright 2013 American Chemical
Society.
stitial spaces between the dielectric nanoparticles. If clus-
ters of electromagnetically strongly coupled noble metal
nanoparticles are located at these locations, the in-plane
diffracted light is further localized by these efficient plas-
monic antennas to achieve a cascaded E-field intensity en-
hancement.
Discrete optoplasmonic structures and extendedopto-
plasmonic nanoparticle arrays have in common that they
contain plasmonic antennas in a complex photonic en-
vironment to enhance or modulate their electromagnetic
response. For the former this environment is defined by
the WGM resonator, for the latter it is generated by a two-
dimensional nanoparticle array. The fabrication of both
optoplasmonic materials requires the integration of build-
ing blocks with different chemical composition and, espe-
cially in the case of discrete optoplasmonic structures, of
different sizes in precise geometric arrangements. In this
review we will introduce template-guided self-assembly
approaches to address these challenges and characterize
selected examples of optoplasmonic materials obtained
with them.
2 Discrete optoplasmonic atoms
and molecules
Discrete optoplasmonic structures that contain a single di-
electricmicrosphere resonator and one ormore plasmonic
antennas are referred to as optoplasmonic atoms in the fol-
lowing [21]. We chose this nomenclature to indicate simi-
larity with the more established concept of the “photonic
atom” [48] as well as to imply that these structures repre-
sent the simplest possible unit of optoplasmonicmaterials
of this kind. More complex optoplasmonic molecules can
be obtained by integrating multiple optoplasmonic atoms
intonetworks.Hybrid structures containingmore thanone
OM as a WGM resonator are referred to as optoplasmonic
molecules [21].
The particular challenge for the experimental realiza-
tion of optoplasmonic atoms andmolecules as the one out-
lined in Figure 1 is the requirement to position a plasmonic
antenna in the close vicinity to a microsphere resonator.
While this can be accomplished – in principle – by di-
rectly attaching noble metal nanoparticles to a dielectric
resonator [49–53], this approach is very limited in scope
as it does not provide control over the location and, in the
case of anisotropic nanoparticles, orientation of the no-
ble metal nanoparticles. Geometric control over the posi-
tioning of nanoparticles is crucial, in particular, for a suc-
cessful integration of the optoplasmonic structures into
an on-chip platform. Furthermore, it is difficult to create
more complex antenna structures, such as gap antennas,
on OMs in a controlled fashion by nanoparticle attach-
ment. Simple attachment of nanoparticles provides also
no degree of freedom for varying the separation between
the antenna and the dielectric resonator.We conclude that
the large difference in size between OMs (microns) and
plasmonic antennas (tens of nanometers) creates signifi-
cant challenges for the integration of the individual com-
ponents into defined hybrid structures. We decided to ad-
dress these challenges with directed self-assembly strate-
gies that utilize Au nanostructure tipped posts as pattern
to guide the assembly of OMs in discrete structures. Our
rationale was that if the length of the posts is chosen as
1/2 of the OM diameter, the plasmonic nanostructures are
automatically positioned in the evanescent field located in
the equatorial plane of the WGM resonators.
2.1 Fabrication of discrete optoplasmonic
structures comprising OMs and
nanoantennas
The template-guided self-assembly approach for position-
ing plasmonic antennas in the equatorial plane of WGM
resonators is outlined in Figure 2 with the scanning elec-
tron microscope images taken at each step of the fabri-
cation [21, 22]. In the first step noble metal nanoparticle
tipped pillars that define binding cavities formicrospheres
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Figure 3: (A), (C), (E) Top and (B), (D), (F) side view (30∘tilt angle)
of discrete optoplasmonic structures with 1, 2 or 3 OMs (diameter:
2 µm). Side views of pillar scaffolds (G) before and (H) after inte-
gration of OMs. The Au nanoparticles are clearly discernible at the
tip of the pillars. Scale bars are 1 µm. Reprinted with permission
from Ahn et al. ACS Nano 6, 951 (2012). Copyright 2012 American
Chemical Society.
are created. In a subsequent step, these binding cavities
are filled with dielectric microspheres by dispersing a so-
lution of dielectric microspheres across the surface (con-
vective self-assembly). We have used polystyrene spheres
with a diameter of 2 µm. The height (h) of the nanopillars
(including the radius of the Au nanoparticles) is chosen to
correspond to the radius of themicrospheres of interest, to
localize the metal nanoparticles in the equatorial plane of
the WGM resonator. One additional advantage of the out-
lined approach is that it facilitates the generation of net-
works of optoplasmonic atoms that contain the plasmonic
components in one defined plane where they can inter-
act synergistically. The separation between the nanopil-
lars can be conveniently varied by the geometry of the fab-
ricated post-pattern, for instance, to change the average
separation between adjacent microspheres and, thus, to
modulate the coupling between the OMs [54]. In the fol-
lowing, we provide a detailed description of the fabrica-
tion of discrete optoplasmonic structures containing mi-
crospheres of 2 µmdiameter.With somemodifications, the
same approach can also be applied to generate optoplas-
monic structures containing microspheres with larger di-
ameters.
First, regular arrays of nanoholes of 150 nm diam-
eter are patterned in 200 nm thick PMMA layers spin-
coated on a quartz (or silicon) substrate through electron
beam lithography (EBL) (Figure 2A). A Ti/Au/Cr layer with
a thickness of 10/80/35 nm, respectively, is then deposited
on the EBL-patterned surface by electron beam evapora-
tion with deposition rates of 0.5/1.0/0.5 Å/s for each metal
to create metal nanoparticle dimer arrays as shown in Fig-
ure 2A. The Ti layer improves adhesion of the Au structure
to the substrate, and a Cr layer protects the Au structures
from anisotropic dry etch gases. After the PMMA layer is
lifted off by immersion in acetone for 1 min followed by
10, 20, and 30 s of sonication each in a fresh acetone
bath, substrates are ready for reactive ion etching (RIE,
Plasma-Therm. model 790). We commonly use a mixture
of CHF3/O2 (50/5 sccm, standard cubic centimeters per
minute) at a pressure of 200 mTorr and a power of 150 W
for a total etching timeof 18– 20min. The anisotropic etch-
ingprocess removes the substratematerial only in exposed
areas, which are not protected by Cr layers, resulting in
the formation of nanopillar arrays with Cr layer tips (Fig-
ure 2B). The height of the nanopillars can be controlled
through the RIE process parameters, including the etching
time, power, pressure, and ratio between the two mixed
gases. A RIE chamber is purged with O2 for 15 min and
prerun with CHF3/O2 for 30 min prior to each RIE process
on samples to ensure reproducible etching results. The Cr
layer is subsequently removed by swirling in Cr etchant so-
lution at 40∘C for 15 s, after which the substrate is rinsed
with copious amounts of distilledwater. The substrate can
then be heated in a rapid thermal annealer (Molecular Pro-
cess Technology Corp.) to 800∘C (3min) to create spherical
Au nanoparticles on top of the nanopillars. The regular ar-
rays ofmicropillar cavitieswith definedwidths and depths
are then ready for use as template for the assembly of opto-
plasmonic structures in the subsequent assembly step. To
generate photonic control structures (no metal nanoparti-
cles), all metal layers are removed from the substrate after
nanopillar formation by immersion in etchant solutions.
The etched cavities are filled with polystyrene (PS)mi-
crospheres using a convective self-assembly strategy (Fig-
ure 2C). An aqueous suspension of PS microspheres (2 µm
in diameter; 1%; 50 µL) is sandwiched between the pat-
terned microcavity substrate and a blank quartz substrate
separated by a 380 µm gap. Upon the evaporation of the
water, the meniscus of the microsphere-containing solu-
tion is dragged across the substrate surface by capillary
forces. These forces have a component pointing perpen-
dicular to the patterned surface [55], which enables an ef-
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Figure 4: Characterization of the optoplasmonic dimer through scattering darkfield microscopy/spectroscopy. (A) Geometry of the optoplas-
monic dimer, scattering image and spectrally resolved scattering image. (B) Experimental (top) and simulated (bottom) scattering spectra of
the optoplasmonic dimer (red) and photonic control (blue) without Au nanoparticle tips. (C) Full width at half maximum (fwhm) of the indi-
vidual modes shown in (B). Reprinted with permission from Ahn et al. ACS Nano 6, 951 (2012). Copyright 2012 American Chemical Society.
ficient trapping of microspheres in the cavities formed by
the fabricated pillars. The insertion of microspheres into
the Au nanoparticle functionalized pillars completes the
assembly of the discrete optoplasmonic structures.
Figure 3 shows scanning electron microscope (SEM)
images of discrete optoplasmonic structures that contain
one (A, B), two (C, D), or three (E, F) 2 µm diameter OMs.
The edge-to-edge distance (dp) between neighboring pil-
lars in the optoplasmonic molecules (C-F) was chosen as
dp = 330nm to enable strong electromagnetic coupling be-
tween the individual constituent optoplasmonic atoms. At
dp = 330nm the embeddedmicrospheres are nearly touch-
ing, ensuring an efficient coupling of the WGM modes in
the optoplasmonic molecules. The height of the pillars (h)
in the structures was determined to be ~870 nm from SEM
images acquired at a tilt angle of θ = 80∘using the for-
mula h = hm/sin(θ), where hm is the measured height
of pillars in the tilted SEM image. In the magnified view
of a representative nanopillar scaffold at θ = 70∘ in Fig-
ure 3G the spherical Au nanoparticles on top of the cre-
ated nanopillars are clearly visible. The diameter of the Au
nanoparticles in these optoplasmonic structures is mea-
sured as 148 nm. The side view in Figure 3H confirms that
the assembly processwas successful and that spherical Au
nanoparticles are located in the equatorial plane of the PS
microspheres inserted into the binding cavities.
2.2 Optical responses of discrete
optoplasmonic structures in the near-
and far-field
Figure 4A shows the far-field scattering image as well as
the spectrally resolved scattering image of an optoplas-
monic dimer obtained with unpolarized white-light. The
optoplasmonic dimer contains two OMs, Au nanoparti-
cles, andnanopillars, as illustrated in the schematic of Fig-
ure 4A. The imaging plane lies in the equatorial plane
of the optoplasmonic dimer and the scattering spectra of
the optoplasmonic dimer were obtained at the center of
the structure (dotted red boxes) where the coupling of the
two microspheres is highest and the signal-to-noise low-
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Figure 5: Near-field characterization of an optoplasmonic atom com-
prising an Au nanoparticle separated from an OM by a 1 nm gap. The
diameter of the PS microsphere is 2 µm and the diameters of the
Au nanoparticles are (red) 148 or (blue) 100 nm, as indicated. (A) E-
field intensity enhancement in the gap between the Au nanoparticle
and the OM. The location of the numerical director for evaluating
the E-field intensity is indicated by a red dot in the inset. (B) and
(C) Maps of the spatial E-field intensity enhancement around the
Au nanoparticle at λ = 589.7 nm and λ = 614.4 nm. Reprinted with
permission from Ahn et al. ACS Nano 6, 951 (2012). Copyright 2012
American Chemical Society.
est. The vertical lines that appear in the spectrally resolved
scattering image in Figure 4A (right) indicate distinctWGM
peaks of an optoplasmonic dimer. The top panel in Fig-
ure 4B shows representative normalized scattering spec-
tra of an optoplasmonic dimer (red) and of a control with
an overall identical structure but without Au nanoparti-
cles on the nanopillars (photonic dimer, blue). The bot-
tom panel in Figure 4B contains the corresponding gener-
alized multiple particle Mie theory (GMT)-simulated scat-
tering spectra of the optoplasmonic (red) and the control
photonic (blue) dimer in an ambient medium of refractive
index n = 1. The experimental scattering spectra of the
optoplasmonic dimer are broadened when compared with
the spectra of the control photonic control (microsphere
with pillar but no Au nanoparticles). This broadening be-
comes more obvious in Figure 4C, where the FWHM of the
fitted peaks is plotted. The spectral broadening is more
pronounced in the experiments than in the simulations,
but the latter reproduces the general trend well. The TE
modes are broader than the TMmodes in the experimental
spectra, although the simulations predict the opposite be-
havior. The detected TE modes have orbits that are point-
ing perpendicular to the substrate. Consequently, the TE
modes experiencemore losses at the substrate than the de-
tected TMmodes whose orbits lie in a plane parallel to the
substrate [56]. Substrate effects were not considered in the
performed electromagnetic simulations.
The spectral broadening of the TE and TM modes ob-
served in the optoplasmonic dimer in the experimental
and, albeit to a lesser degree, also in the simulated spec-
tra is a direct consequence of photonic-plasmonic mode
coupling. One consequence of this coupling is the redis-
tribution of electromagnetic energy from the OMs into the
nanoparticles. Dissipative losses in the Au nanoparticles
shorten the lifetime of the hybridized modes and account
for the observed broadening of the spectral features.
In the optoplasmonic dimer every OM is located in
the effective field of four Au nanoparticles. Although this
significant association of the OMs with Au nanoparti-
cles leads to a measurable peak broadening, the induced
broadening is relatively small, which reaffirms the advan-
tage of our experimental strategy to place Au nanoparti-
cles into the evanescent field of OMs in a controlled fash-
ion. Figure 4B also contains the scattering spectra of the
Au nanoparticles used in this work as dashed gray lines.
The Au nanoparticles show a broad resonance that peaks
at approximately 555 nm. The scattering peaks of the opto-
plasmonic dimer are significantly sharper, which has tan-
gible effects for a broad range of applications.
After investigating the far-field properties of the op-
toplasmonic dimers, we performed GMT simulations to
characterize the E-field intensity enhancement around Au
nanoparticles of two different diameters (red: d = 148 nm,
blue: d = 100 nm) separated from theOM surface by a 1 nm
air gap (Figure 5A). Our simulations show that the most
efficient coupling between photonic and plasmonic com-
ponents is achieved if the light is incident along the OM—
nanoparticle axis. The k-vector and polarization direction
for this case are included in the inset of Figure 5A. The
E-field intensity on the nanoparticle surface under these
conditions is enhanced by up to two orders of magnitude
over that of a pure metal nanoparticle (Figure 5A). The
simulations show that in the long wavelength tail of the
LSPR spectrum the coupling of LSPR with the WGMs of
the OM yields E-field intensity maxima that coincide with
discrete WGM resonances. Close to the LSPR peak wave-
length the strong electromagnetic coupling, especially for
the larger Au NP, results in significant perturbations of the
WGMpeak shape. Figure 5B and 5C shows E-field intensity
maps for two different modes. The maps show again an E-
field intensity concentration around the nanoparticle and,
thus, outside of the OM.
The OM in the vicinity of a plasmonic antenna does
not only enhance the peak E-field intensity and the spa-
tial E-field intensity distribution but is also anticipated to
modulate the emission properties of superemitters. Inter-
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Figure 6: Scheme of template-guided self-assembly approach of
the extended optoplasmonic arrays. (A) An array with two differ-
ent binding sites of D1 and D2 is created on a PMMA film. (B) The
separation between two identical binding sites is defined by the
grating period, Λ. (C) Dispersing a suspension of TiO2 nanoparticles
that only bind to the larger binding site D1 creates (D), a dielectric
nanoparticle array. (E) Smaller Au nanoparticles are then targeted to
the vacant binding sites D2, generating the optoplasmonic array (F)
after lift-off. Reprinted with permission from Hong et al. Adv. Funct.
Mater. 24, 739 (2014). Copyright 2013 Wiley-VCH GmbH & Co. KgaA.
estingly, we found that if superemitters (Cy-3 functional-
ized nanoparticle dimer) are located in the vicinity of an
OM, the emission is highly directional into the OM, which
efficiently traps and recirculates the photons [22].
3 Extended optoplasmonic arrays
An alternative approach to create a photonic environ-
ment around a plasmonic antenna is the integration of
the antenna into a regular array of dielectric nanopar-
ticles in which the individual elements are diffractively
coupled [27, 57]. Optoplasmonic arrays are unique in the
sense that they combine high refractive index dielectric
nanoparticles and noble metal nanoparticles (or their
clusters) into arrays, which can use the dielectric com-
ponent to focus the light onto nanoparticle clusters [24],
where the incident light is localized into deeply subdiffrac-
tion limit hot-spots via excitation of cluster plasmons. The
challenge of this approach is to position nanoparticles of
different composition at predefined locations. A second
complication derives from the need to limit the interpar-
ticle separations in the metal clusters to a few nanometers
to maximize the near-field coupling. As we will show in
the following, template-guided self-assembly is a versatile
fabrication strategy capable of addressing both of these
challenges.
3.1 Fabrication of extended optoplasmonic
arrays through template guided
self-assembly
In the first step of the assembly procedure nanoparticle
assembly sites are created through a lithographically fab-
rication technique (e.g. EBL) for the subsequent assem-
bly of colloidal NPs onto the lithographically defined as-
sembly sites [24]. While EBL makes it possible to define
the separation, Λ, between individual assembly sites on
the tens to hundreds of nanometer scale, the separation
within the self-assembled clusters is determined by the
assembly conditions as well as the surface of the assem-
bled nanoparticles, and is typically on the few nanome-
ter length scale or below [58]. The unique flexibility for re-
alizing nanoparticle separations over such a broad range
makes the template guided self-assembly a useful tool for
realizing multiscale nanoparticle arrays.
The diameter (D) [42, 47] and shape [58] of the as-
sembly sites represent control parameters for guiding
nanoparticles to specific assembly sites. In the case of the
optoplasmonic nanoparticle arrays these control parame-
ters are utilized to generate an extended regular structure
that contains TiO2 nanoparticles and clusters of 60 nm Au
nanoparticles on separate lattice sites [24]. The assembly
strategy of optoplasmonic arrays is schematically outlined
in Figure 6. First, two different binding sites (D1 and D2)
are templated in the electron beam resist (A, B). Then the
larger TiO2 nanoparticles are immobilized on the binding
sites with larger diameter (C, D). Subsequently, smaller Au
nanoparticles are bound to the vacant binding sites with
smaller diameter (E) and, after photoresist lift-off, the ex-
tended optoplasmonic array is generated (F). For details
regarding the assembly process, please refer to ref. [24].
Figure 7 shows SEM images of different arrays obtained
from 60-nm Au nanoparticles and 250-nm-diameter TiO2
nanoparticles with binding sites containing diameters of
D2 = 140 nm and D1 = 270 nm, respectively [24]. The as-
sembly yielded regular arrays containing TiO2 NPs located
on the vertices of regular squares around a central Au
nanoparticle cluster. The average number of Aunanoparti-
cles in the clusters was ~6. We have shown previously that
the average cluster resonance wavelength increases for
two-dimensional clusters with growing size up to a clus-
ter size of approximately four nanoparticles [42, 47]. The
additional red-shift stagnates with larger cluster size. Due
to this behavior we expect only moderate fluctuations in
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Figure 7: SEM images of the extended optoplasmonic arrays containing 250 nm TiO2 nanoparticles and 60 nm Au nanoparticles. (A) – (C)
Complete optoplasmonic hybrid arrays at different magnifications. (D) TiO2 nanoparticle array. (E) Au nanoparticle cluster array. Scale bars
are 500 nm in (A), (C) – (E), and 2 µm in (B). The grating period is set for all arrays, Λ = 1000 nm. Reprinted with permission from Hong et al.
Adv. Funct. Mater. 24, 739 (2014). Copyright 2013 Wiley-VCH GmbH & Co. KgaA.
Figure 8: Simulated E-field intensity enhancement spectra at the hottest spot in (A) an array of 20 × 20 TiO2 nanoparticles (solid) and a
single trimer of Au nanoparticles (dashed), (B) array of 20 x 20 Au nanoparticle trimers, (C) combined optoplasmonic array. The incident
k-vector is normal to the array plane in all models. Reprinted with permission from Hong et al. Adv. Funct. Mater. 24, 739 (2014). Copyright
2013 Wiley-VCH GmbH & Co. KgaA.
the resonance wavelength of the individual clusters with
sizes of approximately six nanoparticles.
3.2 Morphology-dependent E-field
enhancement in extended
optoplasmonic arrays
To quantify the synergistic gain that results from elec-
tromagnetic interactions between metallic and dielectric
building blocks, we simulated the peak E-field intensity
enhancement spectra for (i) a TiO2 nanoparticle only ar-
ray, (ii) an Au nanoparticle cluster only array, and (iii) the
extended optoplasmonic hybrid array that contains both
Aunanoparticle clusters andTiO2 nanoparticles. In thehy-
brid array, Au nanoparticle clusters were positioned in the
center of a square unit cell formed by four TiO2 nanoparti-
cles. For simplicity we modeled the Au nanoparticle clus-
ter as a trimer. The results of our multiple sphere T-matrix
simulations [59] are summarized in Figure 8. The E-field
enhancement for the all-dielectric TiO2 NP array in Fig-
ure 8A shows discrete photonic resonances, whose spec-
tral positions red-shift with increasing grating period, Λ.
As expected, the Au NCAs (Figure 8B) show much higher
E-field enhancements than the all-dielectric nanoparticle
array. The near-field spectra of the metal arrays are domi-
nated by the cluster plasmon resonance with a simulated
peakwavelength of ~720nm. The near-field intensity spec-
trum for an individualAuNP trimer is included for compar-
ison in Figure 8A (black dashed line).
Optoplasmonic arrays (Figure 8C) achieve a further
increase of the near-field intensity beyond the Au NCA
level when the resonance wavelength of the grating pe-
riod dependent photonic array mode overlaps with that
of the cluster plasmon resonance. Under these conditions
photonic–plasmonicmode coupling facilitates a cascaded
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Figure 9: SERS spectra of para-mercaptoaniline (pMA) obtained on
the optoplasmonic arrays with Λ = 700 – 1100 nm. The inset shows
filling fraction-corrected peak SERS signal intensities as a function
of Λ. Reprinted with permission from Hong et al. Adv. Funct. Mater.
24, 739 (2014). Copyright 2013 Wiley-VCH GmbH & Co. KgaA.
enhancement of the E-field intensity provided by the in-
dividual clusters. According to our simulations optoplas-
monic arrayswith Λ ≈ 800 nm fulfill this requirement and,
indeed, the overlap of array and nanoparticle cluster reso-
nance yields an additional enhancement of the E-field in-
tensity for this grating period.
To test the Λ-dependence of the E-field intensity
enhancement experimentally, we set out to measure
the surface enhanced Raman scattering (SERS) spectra
of the small test molecule para-mercaptoaniline (pMA)
chemisorbed onto the extended optoplasmonic arrays
with Λ = 700 – 1100 nm. As the SERS signal intensity of
a molecule scales as the product of the E-field intensities
at the pump and Raman scattering wavelengths [60], the
SERS signal intensity can provide valuable information
of the E-field intensity at the probe and emission wave-
lengths. Figure 9 shows the background corrected SERS
spectra in the spectral range 1000 – 1180 cm−1 that con-
tains the C-S stretch mode at 1077 cm−1. The SERS signal
intensity—even after correction of the different filling frac-
tions (see inset)—shows a clear Λ-dependence and peaks
at Λ = 900 nm. The Λ-dependence of the E-field intensity
at the plasmon resonance wavelength is consistent with
our simulations. The discrepancy in the precise value of Λ
that maximizes the E-field intensity between simulations
and experiment is justified by necessary simplifications in
the computationalmodel. Overall, the correspondence be-
tween simulation and experiment is good and both elec-
tromagnetic simulations and SERS spectroscopy confirm
the synergistic interaction between dielectric andmetallic
components in the optoplasmonic nanoparticle array.
4 Conclusion
Template-guided self-assembly is a versatile fabrication
strategy for the fabrication of novel electromagnetic ma-
terials from different building blocks. We have taken
advantage of the method’s ability to combine OM and
nanogap antennas into discrete optoplasmonic atoms and
molecules with defined geometry. Furthermore, we uti-
lized template-guided assembly strategies to integrate
high refractive index dielectric nanoparticles and clus-
ters of electromagnetically strongly coupled noble metal
nanoparticles into hetero-nanoparticle arrays. The ability
to position metallic and dielectric nano- and microstruc-
tures at predefined locations with high lateral resolution
using template guided self-assembly strategies provides
rational control over the interplay of photonic and plas-
monic modes in these new optoplasmonic materials. We
conclude that the combination of mutually synergistic
properties of metallic and dielectric materials in optoplas-
monic structures generates new functionalities for sens-
ing, light harvesting, information processing and many
other applications.
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